Objectives-Chlorpyrifos, an organophosphate ingredient of several important insecticides, has been manufactured at The Dow Chemical Company for 25 years. A previous morbidity study among employees of The Dow Chemical Company found no increased prevalence of illness or symptoms among employees potentially exposed to chlorpyrifos from 1977 to 1985 compared with matched controls. The purpose of the current study was to update the original study to 1994, thereby increasing the statistical power. Methods-In the present study, 496 potentially exposed subjects were identified and matched for age, race, sex, pay, and year of hire to 911 control subjects. Morbidity data were abstracted from company medical records. Results-The prevalence of peripheral neuropathy was not significantly increased among this group of employees potentially exposed to chlorpyrifos. Significantly increased prevalence odds ratios were identified for five diagnostic categories: diseases of the ear and mastoid process; acute respiratory infections; other diseases of the respiratory system; general symptoms, signs, and ill defined conditions; and symptoms, signs, and ill defined conditions involving the digestive system. There was a strong association of diagnosis with duration of observation period, indicating that the exposed workers were more likely than unexposed workers to have a diagnosis abstracted from the company medical records due to their longer mean period of follow up. Analyses by exposure classification and mean plasma cholinesterase activity did not show a dose response. Conclusions-These data do not support a cause and eVect relation of the diagnoses mentioned and exposure to chlorpyrifos. (Occup Environ Med 1998;55:65-70) 
Chlorpyrifos, an organophosphate ingredient of several insecticides, has been manufactured at The Dow Chemical Company in Midland, Michigan for the past 25 years. Although the toxicity of chlorpyrifos has been extensively studied in animals, the human data are limited to case reports, [1] [2] [3] suicide attempts, 4 5 and observational studies. [6] [7] [8] Several controlled epidemiological studies have examined chronic neurological eVects after acute poisoning with organophosphates. [9] [10] [11] These studies, however, were not specific to chlorpyrifos.
Brenner et al examined the morbidity experience of Dow employees occupationally exposed to chlorpyrifos during its manufacture and formulation from 1977 to 1985. 12 No significant diVerences in illness or symptom prevalence were found between the potentially exposed and unexposed groups. The authors noted that the small sample size available for the study limited the statistical power. Consequently, the current update was conducted to expand the observation period up to 1994.
Materials and methods
The current methods closely paralleled those used in the original investigation. Potentially exposed employees were defined as any full time employee of The Dow Chemical Company who worked in the manufacture or formulation of chlorpyrifos between 1 January 1977 and 31 December 1994. Two unexposed employees (controls) were sought for each exposed subject (cases) matching for age (within 7.5 years), race, sex, year of hire (within 7.5 years), and pay (hourly, salary exempt, or salary non-exempt). Each control must have been actively employed in Midland at the time the exposed subject qualified for inclusion in the study. Those working in other departments with potential exposure to chlorpyrifos were excluded from consideration as controls. People who had previously received cholinesterase testing, suggesting exposure to chlorpyrifos or other cholinesterase inhibitors, were also excluded from the control group.
Where possible, the original cohort of exposed and unexposed workers was retained. Of the 335 original controls, 56 were excluded from this update because they had undergone cholinesterase testing, were never full time employees, or had not worked in Midland during the observation period of their matched case. Twelve controls were now considered to be eligible cases for whom matched controls were selected. Of the 175 original cases, six were excluded because they no longer had an eligible control and additional controls could not be found who met the matching criteria. The resulting study cohort to 1994 comprised 496 potentially exposed subjects and 911 control subjects.
The study observation period for the cases was defined as the period employed in chlorpyrifos manufacturing or formulation, plus 30 days. Where possible, the observation period for the controls was identical to that of their matched case. The company medical records were reviewed for this period. Conditions were recorded on a predeveloped form and coded to the international classification of diseasesninth revision (ICD-9) by a nurse nosologist. All previously recorded medical information was retained and recorded only for newly identified subjects and original study subjects for whom the observation period extended beyond 1985. To maintain consistency with the original study, only the first observation of any disease or symptom was recorded for the following main diagnostic categories: the nervous system (ICD-9 320-389), the respiratory system (ICD-9 460-519), the digestive system (ICD-9 520-579), the kidney (ICD-9 580-630), and general symptoms (ICD-9 780-799).
The diseases recorded in the original study were limited to selected ICD-9 codes considered to be relevant to chlorpyrifos exposure. For example, disorders of the eye and the ear were not included in the original study. Specific illnesses-such as the common cold and acute tonsillitis-were also excluded. As a departure from the original design, all diagnoses after 1985, which were coded within the five ranges already broadly defined, were included in this update. However, medical data of the original subjects from 1977 to 1985 were not reviewed again. Although the data collection methods were more inclusive than those of the first investigation, it was thought that the quality of the data would be higher if the abstractors were not required to judge whether a specific diagnosis should or should not be recorded.
Uses of tobacco, alcohol, and cholinergic medications, including cholinesterase inhibitors, were also obtained from medical documents and computerised records. Self reported paraesthesia was obtained through computerised data from the questionnaire issued during the periodic medical surveillance examination (Have you had persistent numbness or tingling of hands or feet?). Although not recorded as part of the original investigation, paraesthesia data were available from 1982 to the present. As a quality assurance measure, a physician reviewed a 10% sample of the abstractors' work and ascertained that the data abstracted were complete and valid.
ASSESSMENT OF EXPOSURE Exposure was categorised from available airborne monitoring data and the potential for dermal exposure. The exposure to chlorpyrifos groups were defined as high, moderate, low, or negligible for each job classification (table 1) . For each exposed subject, a detailed work history was reviewed. With the classification criteria, each job was assigned its corresponding exposure level. To maximise the impact of high exposures to chlorpyrifos the following weighting was used: high = 9; moderate = 6; low = 3; negligible = 1. The exposure weighting for each job was multiplied by the number of days employed in the job assignment. The cumulative exposure weighting for each employee was determined by dividing the sum of the weightings in all assignments by the entire number of days worked in the plants of interest. The employee's overall exposure weighting was then converted to the corresponding categorical ranking (high: >7.5; moderate: >4.5 to <7.5; low: >2 to <4.5; and negligible: <2).
STATISTICAL ANALYSIS
The measure of association between exposure and disease was the prevalence odds ratio (OR), which was calculated as the ratio of the odds of disease among the exposed to the odds of disease among the unexposed. The MantelHaenszel method was used to combine data across strata to control for potential confounding. 13 Unconditional logistic regression was used to evaluate potential dose relations with exposure level and mean plasma cholinesterase activity for diseases with significantly increased prevalences among the cases while controlling for the matching variables.
All Dow employees with potential exposure to chlorpyrifos or other cholinesterase inhibitors are required to have monthly cholinesterase tests. A percentage change from the pre-exposure baseline was calculated for each reading. A mean and a minimum (peak) percentage change in plasma cholinesterase were calculated for each case. A zero percentage change from baseline was defined as 100% activity. Consequently, a 30% increase would reflect a 130% activity and a 30% depression would reflect a 70% activity. The cholinesterase values were categorised into three groups: <50% activity (inhibition from baseline), 50% to 90% activity, and >90% activity.
The number of medical surveillance visits in which the subjects participated was considered a potential confounder. Computerised records were only available since 1982. All subjects for whom observation periods did not extend to or beyond 1982 were excluded from analyses with medical surveillance data as were all coded diagnoses which occurred before 1982. The number of visits per subject ranged from none to eight. Stratified analyses were conducted with the following strata: none, one, two, and three or more visits. Table 2 shows that comparable matching between cases and controls was achieved. However, only one matched control could be identified for 81 cases. Tobacco and alcohol use were also comparable between cases and controls although no attempt was made to Potential average airborne exposures to chlorpyrifos that were below the sampling limit of measurement and < 0.01 mg/m 3 , or negligible potential dermal exposure to chlorpyrifos Note: The 1996 American Conference of Governmental Industrial Hygienist's recommended threshold limit value (TLV) for chlorpyrifos is 0.2 mg/m 3 for an 8 hour time weighted average. The TLV for chlorpyrifos has a skin notation which indicates that it may be absorbed through the skin in harmful amounts. match on these potential confounders. However, self reported use of alcohol did not correlate with physicians' comments within the medical records regarding problem drinking. Only four subjects were recorded as using cholinergic medications. Use of alcohol and cholinergic medications were not considered in the analysis as potential confounders due to lack of agreement and small numbers. Stratified analyses by smoking did not show confounding and are not presented in this report.
Results
Based on the industrial hygiene data, most cases were classified as having potential for moderate exposure (n=345). Only one person was classified in the high potential exposure category. As this subject had no medical diagnoses recorded, the analyses with exposure level excluded this highest category. The validity of the exposure categories is supported by the rough correlation between the plasma cholinesterase values and potential exposure levels. However, the SDs across people are substantial (figure).
NERVOUS SYSTEM
A smaller percentage of cases than controls reported experiencing tingling or numbness in their hands or feet (OR 0.86, 95% confidence interval (95% CI) 0.50 to 1.48) on their health surveillance questionnaire (data not shown). This was unchanged after controlling for tobacco use, alcohol consumption, and the number of times this question was asked.
Diagnoses involving the nervous system and sense organs were more prevalent among the cases than the controls (OR 1.58, 95% CI 1.19 to 2.10, table 3). This increase can be traced to the significantly higher prevalence of diseases of the ear (OR 1.81, 95% CI 1.29 to 2.54). The study subjects within this category experienced infections of the outer ear, impacted ear wax, diseases and infections of the middle ear, and unspecified hearing loss. Analyses by exposure level and mean percentage change in plasma cholinesterase for this specific category showed an inverse dose response. With the lowest, minimum cholinesterase activity, the highest OR occurred in the category with the least activity (table 4). The 16 illnesses reported in the peripheral nervous system category were primarily carpal tunnel syndrome. There was no significant increase of peripheral neuropathy among the cases.
RESPIRATORY SYSTEM
Infectious respiratory illnesses and symptoms were also recorded significantly more often among the cases than controls (table 3) . This increase was due to the higher prevalence of acute respiratory infections (OR 1.49, 95% CI 1.08 to 2.05) and other diseases of the respiratory system (OR 2.80, 95% CI 1.18 to 6.65). Diagnoses recorded in this population within the category of acute respiratory infections are sinusitis, pharyngitis, laryngitis, bronchitis, and the common cold. These symptoms or illnesses were seen significantly more often in the male subjects and showed no dose response by exposure category or mean cholinesterase activity. The highest OR for minimum cholinesterase activity was found in the category with the least activity (table 4). Other diseases of the respiratory system were found Mean ChE Minimum ChE SD only in men and included pleurisy, pulmonary congestion, and respiratory infection. The logistic regression models for exposure related dose response could not be calculated for this category (other diseases of the respiratory system) due to the small number of subjects with these conditions.
SYMPTOMS, SIGNS, AND ILL DEFINED CONDITIONS
General symptoms of dizziness, pyrexia (fever), malaise, and fatigue were more prevalent in cases than controls (OR 1.64, 95% CI 1.14-2.37, table 3). Although there was no evidence of a higher OR for subjects within the moderate exposure classification or with the greatest mean cholinesterase inhibition, there was an increasing OR found by minimum cholinesterase activity (table 4) . Ill defined conditions involving the digestive system (nausea, vomiting, and heartburn) were also found more often in people with potential exposure to chlorpyrifos (OR 1.66, 95% CI 1.09 to 2.55). Table 4 shows that these symptoms were most prevalent among the cases classified as having negligible exposure. There was an inverse dose response for this diagnosis and mean cholinesterase activity. No dose relation was found with minimum cholinesterase activity.
Discussion
Several people in this study had a mean increase from baseline in their plasma cholinesterase values. This would suggest that their baseline values were already depressed from their true activity. It is possible that these subjects were exposed to an organophosphate at home or that an external factor resulted in lowered plasma cholinesterase values. Although this is a limitation to the sensitivity of the cholinesterase monitoring data it does not indicate that this group had excessive occupational exposure to chlorpyrifos. The positive correlation of the cholinesterase data with the industrial hygiene exposure classifications suggests that there was no systematic bias operating.
The strength of this study is that the exposure was targeted toward chlorpyrifos and not organophosphates as a group. There are, however, several limitations in the study design. Firstly, we could not identify preexisting illnesses because the medical data were collected during the exposure period. Secondly, all medical data were obtained from company medical records, thereby excluding any condition for which an employee was treated externally. Given that all cases knew themselves to be potentially exposed, overre- Subjects could contribute to more than one diagnostic subcategory but only one observation per subject was counted in the major categories. Therefore the sum of subjects within the subcategories will not equal the total in the major categories. porting is possible. Similarly, because the cases were subjected to monthly cholinesterase tests, they often interacted with the medical department and thereby, may have used the company system more often. Indeed, cases were significantly more likely than the controls to have had a recorded diagnosis of any kind (OR 1.36, 95% CI 1.08 to 1.70). Thirdly, the mean (SD) observation period during which medical data were recorded was longer for the cases (1016 (1269) days) than for the controls (803 (1063) days), oVering a greater opportunity for the cases to have illnesses or symptoms abstracted from their company medical records. These concerns were analysed with the degree of participation in the biennial health surveillance programme and the period of observation. Although <30% of the diagnoses were recorded as part of the health surveillance examination, the opportunity to report an illness may have been a function of the frequency with which an employee volunteered for this programme. Although participation after 1982 occurred proportionately more often among cases (49.2%) than controls (46.1%), stratification by number of surveillance tests did not appreciably change the combined ORs (data not shown). Notably, subjects who did not have a health surveillance examination (since 1982) typically had the highest ORs (compared with those with one or more tests). This indicates that the participants of the health surveillance programme do not tend to use the company medical system more often.
We then investigated whether the period of observation was associated with disease, regardless of exposure. Several of the controls had shorter observation periods than the cases due to leaving work or transfers to an area without company medical facilities. The period of observation was categorised into four levels: <6 months, 6-18 months, 18-42 months, and >42 months. The four diseases for which logistic regression models could be calculated (diseases of the ear, acute respiratory infections, general ill defined conditions, and ill defined conditions of the digestive system) all showed trends of increased ORs with increasing months of observation (data not shown). These data indicate that the cases, whose mean follow up period was longer than that of the controls, had a greater probability of having a diagnosis abstracted from the company medical records and a higher prevalence of diseases. When duration of observation was controlled in the estimation of the prevalence OR for exposure, exposure was no longer significant for the following diagnostic categories: acute respiratory infections (OR 1.30, 95% CI 0.93 to 1.82), general ill defined conditions (OR 1.39, 95% CI 0.94 to 2.07), and ill defined conditions of the digestive system (OR 1.39, 95% CI 0.87 to 2.21).
The diagnoses relating to the ear, particularly infections and wax build up, are unlikely to be caused by exposure to chlorpyrifos at any level. Likewise, the diagnoses included in the categories of respiratory system disease are primarily of an infectious origin. The ill defined conditions such as dizziness, sleep disturbances, malaise, and fatigue (general ill defined conditions) and nausea, and heartburn (ill defined conditions of the digestive system) are not inconsistent with complaints reported by people with organophosphate poisoning. 14 However, these subjective symptoms are nonspecific and could be related to shift work, or lifestyle factors such as stress or diet. These symptoms were not dose related with chlorpyrifos exposure or mean plasma cholinesterase inhibition, and therefore do not support a cause and eVect relation of these diagnoses and exposure to chlorpyrifos.
When evaluating the minimum cholinesterase activity, highest ORs for three diagnostic categories were found for those with the greatest cholinesterase inhibition. Although the date of this peak inhibition from baseline is available, neither the multiplicity of medical events nor the date of occurrence of the first symptom were recorded by the abstractors. In other words, we cannot determine if the peak exposure temporarily coincided with the recorded diagnosis. The health event could have occurred months or years before or after the peak exposure.
Symptoms of the peripheral nervous system were non-significantly higher among the cases than the controls. Six cases and five controls in this category were diagnosed with carpal tunnel syndrome. This syndrome has been attributed to repetitive physical stress and certain medical conditions but has not been ascribed to chlorpyrifos or organophosphate exposure. Furthermore, proportionately fewer cases than controls reported experiencing tingling in their hands or feet in the health surveillance questionnaire. Thus, there was no apparent increase in peripheral neuropathy among this group of employees potentially exposed to chlorpyrifos.
In conclusion, significantly increased prevalence ORs were identified for five diagnostic categories: disease of the ear and mastoid process; acute respiratory infections; other diseases of the respiratory system; general symptoms, signs, and ill defined conditions; and ill defined conditions of the digestive system. There was no evidence of a dose response by exposure or mean cholinesterase activity. There was a strong relation between diagnosis and longer period of medical observation. Consequently, these data do not support a cause and eVect relation between these diagnoses and exposure to chlorpyrifos.
